In a preliminary experiment, 74 faba bean genotypes including winter genotypes (autumn-sown) and spring genotypes (spring-sown) and isogenic population pairs (tannin-containing v. tannin-free and vicine\convicine-high v. vicine\convicine-low), were analysed for the chemical composition of their seeds. A large variability was found for the main constituents (starch, protein and fibre). Autumnsown genotypes contained 2n3 % less proteins but 2n5 % more starch in the seed dry matter (DM) than spring-sown genotypes. The vc − gene, which lowers the vicine and convicine contents, did not significantly modify the main seed components in the isogenic comparisons. The zt1 and zt2 genes, which eliminate condensed tannins in the seed coats, lowered by 2n1 % the proportion of the seed coat in the DM. In the isogenic comparisons, the zt2 gene had a stronger effect than zt1 in reducing the total seed fibre and increasing the protein content.
INTRODUCTION
Among seed legumes used as a protein source for animal feeds in Europe, the faba bean (Vicia faba L.) ranks second after pea, with around half a million tonnes being produced annually (UNIP-ITCF 1995) .
The incorporation rate of faba bean seeds in monogastric feeds usually falls between 15 and 30 % according to animal age, sex and species, with the exception of laying hens, which have a 7 % limit due to the antinutritional factors vicine and convicine (Olaboro et al. 1981 ; Lacassagne 1988) . With genetic improvements in faba bean seed quality, these incorporation rates could be increased.
The main antinutritional factors in faba bean seeds (Grosjean et al. 1995) are tannins and two pyrimidine glucopyranosides, vicine and convicine. Tannins can be removed by mutations in one of two independent genes named zt1 (Vicia faba major L. origin) zt2 (Vicia faba minor L. origin) (Picard 1976) . Vicine and convicine can be lowered by 10 to 20-fold by mutation in the vc − gene (Duc et al. 1989) . For each gene, the mutant allele reducing the antinutritional factor behaves as recessive against the wild allele.
Starch, protein and fibre are the major seed constituents in faba bean and these have shown great variation among genotypes in several studies (Bjerg et al. 1988) .
In the present study, the first experiment evaluated the range of genetic variation for nutrition-related components in a collection of 74 faba bean genotypes of diverse origin and containing different concentrations of antinutritional factors. Isogenic faba bean populations differing only in genes controlling tannin, vicine and convicine contents were examined. From this collection, 12 genotypes were selected for a second experiment where they were grown in larger quantities for detailed chemical analyses and animal feeding trials. This paper deals with chemical composition of the faba beans. In another paper, the nutritional value of these genotypes in cockerels, laying hens and pigs is examined (Grosjean et al., submitted) . and\or vc − genes. Each population consisted of a mixture of 30 F3 progenies, all in the same homozygous state for the genes determining their tannin and vicine-convicine characters. These mixtures were bulked and multiplied for two generations before being entered in this work. Location for seed multiplication of each pair was always kept identical in order to eliminate location effect within pair comparisons.
MATERIALS AND METHODS

Plant material
Experiment 1
Genotypes were grown in field conditions on 2 m# plots and two replicates (25 plants\m#) using standard agronomic practices for faba beans. The ' spring ' genotypes were spring-sown and grown at Dijon, France (harvest 1991). The ' winter ' genotypes were autumn-sown and grown either at Rennes, France or Cambridge, UK or Montauban, France (harvest 1991), cv. Bourdon being a common control in each of these situations. A 500 g sample was harvested on each plot, the two replicates mixed (1 : 1) and sent to laboratories for chemical analysis.
Experiment 2
After selection, 12 genotypes ( at Rennes, France for the ' winter ' genotypes using standard agronomic practices for faba beans. Around 2000 kg were produced from each genotype for use in animals trials (see Grosjean et al. 1999 ) and chemical analysis.
Chemical methods Experiment 1
All the faba beans in Expt 1 were analysed for their composition in a single laboratory, in one series, according to the standard methods used in the feed industry. Dry matter (DM) was determined after drying at 104 mC for 4 h ; crude protein (CP) was calculated according to the Kjeldahl method using 6n25 as the protein : nitrogen ratio (Jones 1931) ; starch was measured using a polarimetric method (Ewers, CEE 3.72\199 modified JOCE 27.11.1980) ; crude fat (often referred to as ether extract) was extracted with petroleum ether after acid hydrolysis ; total mineral content (Ash) was determined after ashing in an oven at 550 mC overnight ; crude fibre (CF) was determined after acid and alkaline treatment (Weende 1977) on Table 3 . Chemical analysis of different categories of faba beans, 'spring ' v. 'winter ' and tannin-containing an apparatus equivalent to Fibertec ; neutral detergent fibre (NDF) and acid detergent fibre (ADF) were determined according to a procedure adapted from Goering & Van Soest (1970) ; water-insoluble cell walls (WICW) were determined according to Carre! & Brillouet (1986) ; soluble sugars were measured by the Luff-Schoorl (1971) method.
In addition, on the isogenic material the in vitro degradability of proteins (IVDP) was measured according to Aufre' re et al. (1989) and the condensed tannins were assayed using a modified vanillin-HCl method (Brun 1991).
Experiment 2
In Expt 2, the faba beans were analysed for the same components as in Expt 1. In addition, after a careful sampling on an automatic circular rotative batch divider, they were analysed for the components and using the methods listed in Table 2 . Average seed size, expressed as 1000 seed weight (TSW), was determined just after harvest by weighing c. 500 seeds.
RESULTS
Phenotypic variation for seed chemical composition in Expt 1
The 74 seed batches showed wide variations in their main constituents (% DM basis) (Table 3) : with starch from 37n0 to 50n5 %, protein from 24n7 to 37n2 %, cell-walls from 12n7 to 22n2 % and NDF from 13n4 to 26n4 %. The range of variation is smaller for the minor nutrients : sugars 3n5-6n3 % of DM, ash 3n0-5n5 % of DM and crude fat 1n1-4n7 % of DM. The most significant phenotypic correlations observed between these constituents were the strong negative correlation between protein and starch contents (P 0n01, r lk0n67, 72 .., [starch %] l k0n74i[protein %]j65n7) and the positive relationship between NDF and ADF (P 0n01, r l 0n68, 72 .., [NDF %] l 0n23 [ADF %]j5n8).
Since winter and spring groups were grown in different locations and climates, the phenotypic differences between these two groups incorporate possible environmental effects on composition which cannot be separated from genotypic ones. Such a comparison (t-test, 5 % probability level) indicates that the seed DM of autumn-sown genotypes contain 2n5 % more starch and 2n3 % less protein than that of spring types. Within the tannin-containing group, the autumn sown genotypes contained significantly more sugar and fat than the spring ones.
In Expt 1, all spring genotypes were grown in the same environment and therefore the variability within this group reflects genotypic effects only. When comparing tannin-containing [T + ] with tannin-free [T − ] groups of these spring types, the only significant effects (t-test, 5 % probability level) concerned ADF, NDF and WICW, which are reduced in the zerotannin forms. To compensate this fibre content reduction, the largest increases were on protein and sugar contents in DM which however were not significant individually. Winter genotypes were grown at three locations, and although composition of the seed of the common control cv. Bourdon was constant over the three places (variation coefficients 4 % for all components), the genotypic and environmental effects cannot be separated in their contribution to the variability within this group. Therefore, this variability is not discussed.
Comparison of isogenic pairs made with the zero vicine-convicine gene in Expt 1
Each of the four isogenic pairs were grown in the same site and pair-wise comparisons (t-test, 5 % probability level) provides an accurate measurement of the effect of glucopyranoside pyrimidine removal on other seed components. The mean content of (vicinejconvicine) in the seed DM was significantly reduced from 0n75 % in the [V + ] forms to 0n06 % in the [V − ] isogenics. For all the chemical characters measured in Expt 1 and also for in vitro degradability of proteins, there was no significant difference between the [V + ] and [V − ] groups (data not shown).
Comparison of isogenic pairs made with the zero tannin genes in Expt 1
For each gene (zt1 and zt2) ten and five isogenic [T + ]\[T − ] pairs respectively were each grown at the same site. Therefore, pair wise comparison on contrasted types enables us to assess the secondary effects on seed composition of removing tannins by genetics (Table 4) . The mean condensed tannin content in the seed DM was significantly reduced from nearly 1 % (DM) in the [T + ] forms to 0n01 % in the [T − ] isogenics of both genes. A sample of five isogenic pairs [T + ]\[T − ] was taken for each gene and showed that a reduction of mean seed coat proportion by 2n1p0n3 % of DM accompanied tannin removal, with no significant difference between the two genes' effects. The zt2 gene showed the most significant effect on ADF, NDF and WICW, which were significantly reduced and compensated for by a significant increase of 2n5 % protein.
Simultaneously, a significant improvement in IVDP (in vitro degradability of proteins) of 7 % was observed after zt2 incorporation. In comparison, the zt1 gene resulted in non-significant fibre decrease and protein increase and no effect on IVDP.
Phenotypic variability for seed chemical composition in Expt 2
The number of samples (12) was much lower in this second experiment where genotypes were chosen to represent a large part of the variability detected in Expt 1 and were aimed at animal feeding trials.
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compensated for by higher fibre rather than starch as in Expt 1 ; the zero-tannin group showed lower seed coat proportions (TEG) and the only one genotype carrying the zt2 gene (code 662) was remarkable through its high protein and starch contents, its low fibre and seed coat proportions and its high IVDP. In this Expt 2, the cotyledon cell-walls (CCW) were measured separately from the whole seed cell-walls (WICW). This cotyledon character varied from 6n5 to 8n8 % of the DM. Three genotypes (617, 630, 667) appeared to have a low CCW content without being of a specific faba bean category. NDF correlated positively with ADF (P 0n05, r l 0n58, 10 .., [NDF %] l 1n06 [ADF %]j6n2) as in Expt 2 and NDF was related to WICW (P 0n01, r l 0n71, 10 .., [WICW %] l 0n79 [NDF %]j3n6). The seed coat proportion was positively correlated with cellulose (P 0n01, r l 0n71, 10 .., [INTEG %] l 1n03 [Cellulose %]j3n7). Gross energy measured on the 12 genotypes showed an extremely low coefficient of variation (1n2 %) and this criterion could not be used to distinguish between them.
Detailed chemical analysis in Expt 2
Amino acid composition The range of variation in amino acid composition was generally small and could not be used to discriminate between the genotypes (Table 6 ). Amino acid contents (seed DM basis) were positively correlated with total protein contents and this relationship was significant (P l 0n05) except for glutamine, methionine, phenylalanine and histidine where the correlation was not significant (data not shown).
Starch composition
Mean amylose content of starch was 28 % for the spring genotypes only.
Lipids composition
Total lipid content determined by summing GC measures of individual fatty acids contents (Table 7) or by ether extract procedure (Table 5) gave similar mean results although correlation between the two methods was not significant (r l 0n38, 10 ..). Relative to total lipids, prominent fatty acids were C18 :2 (52 %) and C18 : 1 (28 %). Even if a small tendency to higher total lipid contents was observed in the winter genotypes, the lipid characteristics measured did not discriminate between the genotypes of this experiment.
Oligosaccharides
Verbascose represented the major part (64 %) of oligosaccharides. Winter genotypes were significantly distinct from spring genotypes through higher verbascose and total oligosaccharides contents (Table 7) .
Antinutritional factors
While total phenolics were not significantly different between the faba bean groups (Table 7) Trypsin inhibiting activity appeared higher in the spring (4n7 units\mg DM) than in the winter material (0n8 units\mg DM) ( Table 7) .
Mean content for lectins and phytic phosphorus were 0n12 % and 0n29 % of seed DM, respectively, without any clear differences between faba bean groups ( Table 7) .
Since the genotypes carrying vc − gene were only present in the spring faba beans, the winter\spring difference was due to this bias. However, it should be noted that the highest vicine contents (nearly 1 % of seed DM) were always found in winter genotypes (Table 7) .
DISCUSSION
The collection of faba bean genotypes considered in this work consisted mainly of cultivars or breeder's populations which had been adapted to European farming practices. Large seeded broadbeans (Vicia faba L. major) or exotic material were not included in the study, therefore the investigations do not cover the existing variability in this species. On chemical composition, the means and variances on the main seed constituents were close to data published by Eden (1968) and Bjerg et al. (1988) who considered several faba bean genotypes. The higher protein content in the spring-sown than in the autumn-sown faba beans is in agreement with the data of Eden (1968) and Grosjean (1984) . Although our experimental scheme did not permit the separation of environmental effects from genetic ones, it has been shown by Bond & Toynbee-Clarke (1968) that this difference has a partial genetic basis, since it still exists when winter and spring genotypes are grown together in the spring. The variations in crude fat were small in general, although a few winter lines exhibited values of 4n7 % of seed DM, which may offer a source of variability that could be of interest to breeders in achieving higher energy values.
The strong negative correlation measured between the two main faba bean seed constituents, protein and starch, has also been observed in peas (P 0n01, r lk0n64, 171 ..) by Bastianelli et al. (1998) . The positive correlation of cellulose content with seed coat proportion identified, is due to the fact that most of the cellulose is contained in the seed coat as is also found in peas (Brillouet and Carre! , 1986 ; Grosjean et al. 1992) . The negative correlation we found between in vitro degradability of proteins and NDF may be explained by a reduced enzymatic accessibility to proteins due to the cell walls. In peas, the cell wall fraction is considered as a possible factor reducing digestibility in vivo (UNIP-ITCF 1995) .
The isogenic comparisons showed that reducing vicine and convicine by the vc − gene had no secondary effect on major seed components. No plant disease susceptibility has been detected in connection with this genetic change (Cubero & Duc 1995) . However, varietal selection through the reduction of the vicine and convicine contents of the seeds can favour the colonization of V. faba by phytophagous insects, as demonstrated for Callosobruchus maculatus F. by Desroches et al. (1995) . This problem may be overcome in a first step by the use of adequate insecticides. Therefore the breeding of zero-vicine cultivars of faba bean seems achievable.
Isogenic comparisons between [T + ] and [T − ] genotypes identified differences in seed composition indicating a theoretical nutritional superiority of the zt2 gene over the zt1 gene, based on fibre reduction and protein increase. This effect is in addition to the positive nutritional traits associated with both genes resulting in a substantial reduction of the tannins. It is also in addition to the reduction of the seed coat proportion in zero-tannin genotypes which accounted for 2n1 % of DM in Expt 1 and 2, for 2n8 % of DM in results of Helsper et al. (1993) and for 4 % of DM in the study of large seeded faba beans by Cabrera & Martin (1986) . Our results did not confirm the 14 % higher vicine and convicine contents of tannin-free over tannin-containing genotypes found in cotyledons by Helsper et al. (1993) . A mean higher susceptibility to soil borne pathogens has been observed in zerotannin genotypes, which can be reduced by a selection pressure or seed dressing (Bond & Duc 1994 ; Cubero & Duc 1995) . Therefore the breeding of zero-tannin types is feasible as confirmed by successful cultivar registrations in Europe over the last 10 years. Most of the zero-tannin cultivars presently released in Europe contain the zt1 gene and our data suggest that the next improvement step of faba bean feeding value, may result from the use of zt2 gene. However, this recommendation needs to be confirmed by further feeding trials.
The amino acid composition data are in good agreement with values reported in the literature by Palmer & Thompson (1975) , Mosse! & Baudet (1977) and Bjerg et al. (1988) . In reference to essential amino acids needed in poultry feeds (Leclercq 1996) , the faba bean protein is rich in lysine and low in methionine, cysteine and tryptophane. The high correlations between different amino acid contents (% of DM) and the total protein content published for faba bean (Mosse! & Baudet 1977 ; Sjo$ din et al. 1981 a) or pea (Bastianelli et al. 1998) holds true on the faba bean seed batches analysed in Expt 2.
The mean contents or activities of the main antinutritional factors in genotypes analysed fall within the range in the literature data for faba bean seeds. The zero values for tannin content in whiteflowered cultivars we recorded are in agreement with those obtained by Picard (1976) , Martin-Tanguy et al. (1977) , Cabrera & Martin (1986) and Duc et al. (1995) . Much higher maximum values for seed tannin content (3n5 % of DM) were reported for some coloured-flowered genotypes by Cabrera & Martin (1986) . Sjo$ din et al. (1981 b) reported condensed tannin percentages from 0n1 to 1n4 % of seed DM and trypsin inhibitor activities from 1n7 to 3n6 units\mg of DM. Even if values from 4n1 to 5n3 units of TI activity\mg were found in the spring material of Expt 2, these fall within the category of low antinutritional risk in comparison with some winter peas and soyabeans which can reach 15 and 50 units of TI activity, respectively. For the vicine and convicine contents, the [V + ] genotypes are within the limits previously found for different collections of faba beans (Gardiner et al. 1982 ; Duc et al. 1989 ; Wang & Ueberscha$ r 1990 ) and the strong reduction in glucosides content induced by the vc − gene (12-fold in this experiment) is in agreement with previous experiments by Duc et al. (1989) . Phytate phosphorus contents agree with the values of 0n21-0n31 % of seed DM obtained by Griffiths & Thomas (1981) . Stachyose, verbascose and oligosaccharides contents also fall within the range reported by Dini et al. (1989) .
The database produced in this work is, to our knowledge, the largest composition database realized on diversified genotypes of faba beans, excluding broadbeans and exotic types. These composition data confirmed that faba bean seeds represent an interesting protein source in animal feeds. Breeders can improve the quality of this production through the reduction of antinutritional factors by using the zerotannin gene zt2 and the low vicine-convicine gene vc − .
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